Introduction
In the fasted state, healthy humans are able to maintain their blood glucose levels within a very narrow range of approximately 85 to 100 mg/dl. When the glucose level falls below this set point, the initial counterregulatory response is a reduction in insulin secretion (1) . If this fails to stop the fall in glucose, a number of additional mechanisms are triggered. First, there is an increase in glucagon secretion (2, 3) , which causes a rapid stimulation of hepatic glucose production (HGP) due to a mobilization of liver glycogen (4, 5) . This is followed by increased adrenergic drive, which reduces muscle glucose uptake (6, 7) and at the same time increases the release of lactate and alanine from muscle, as well as glycerol and nonesterified fatty acid (NEFA) from fat, all of which promote hepatic gluconeogenesis (4, 8) . Thus, glucagon and epinephrine are the primary drivers of the acute counterregulatory response to hypoglycemia, with increases in cortisol and growth hormone playing lesser roles (3, 9) . In the event that the blood glucose level continues to fall, the release of these counterregulatory hormones increases in a dose-dependent manner (10) .
Iatrogenic hypoglycemia continues to be the single most prominent barrier to the effective management of blood glucose in people with type 1 diabetes (T1D). In fact, it has been estimated that overinsulinization in people with T1D leads to approximately 2 symptomatic hypoglycemic episodes per week and an average of 1 severe hypoglycemic episode (requiring assistance) per year (11) .
In contrast with healthy individuals, patients with T1D are unable to regulate their circulating insulin levels, and their counterregulatory hormone (i.e., glucagon and epinephrine) and hepatic (i.e., HGP) responses to hypoglycemia are also diminished (6, 10, (12) (13) (14) . It is of great importance, therefore, to develop strategies that might improve hypoglycemic counterregulation so as to limit the frequency, depth, and duration of hypoglycemia and the comorbidities associated with it.
Previous studies have shown that hepatic glycogen levels are low in people with T1D (15, 16) and that hepatic glycogen mobilization in response to insulin-induced hypoglycemia is markedly reduced (17) . In both the healthy human and the dog, approximately 70% to 90% of the glucose produced by the liver during the initial 60 to 90 minutes of hypoglycemia is derived from liver glycogen (4, (18) (19) (20) . The purpose of the current study, therefore, was to determine the impact of acute changes in hepatic glycogen content on net hepatic glucose output (NHGO) in response to insulin-induced hypoglycemia of approximately 50 mg/dl.
Results
The experimental design and a description of the groups studied can be found in Figure 1 . Briefly, each animal underwent an experiment that consisted of a 4-hour glycogen-manipulation period, a 2-hour control period, and then a 2-hour hyperinsulinemic/hypoglycemic experimental period. At the conclusion of each study, hepatic biopsies were taken for the determination of liver glycogen.
Glycogen-manipulation period. During the glycogen-manipulation period the arterial plasma glucose level was 2× basal in all but the GlyPoFru group (group receiving intraportal fructose infusion during euglycemia) (Figure 2A ). The hepatic sinusoidal insulin level ( Figure 2B ), on the other hand, remained basal Liver glycogen is important for the counterregulation of hypoglycemia and is reduced in individuals with type 1 diabetes (T1D). Here, we examined the effect of varying hepatic glycogen content on the counterregulatory response to low blood sugar in dogs. During the first 4 hours of each study, hepatic glycogen was increased by augmenting hepatic glucose uptake using hyperglycemia and a low-dose intraportal fructose infusion. After hepatic glycogen levels were increased, animals underwent a 2-hour control period with no fructose infusion followed by a 2-hour hyperinsulinemic/hypoglycemic clamp. Compared with control treatment, fructose infusion caused a large increase in liver glycogen that markedly elevated the response of epinephrine and glucagon to a given hypoglycemia and increased net hepatic glucose output (NHGO). Moreover, prior denervation of the liver abolished the improved counterregulatory responses that resulted from increased liver glycogen content. When hepatic glycogen content was lowered, glucagon and NHGO responses to insulin-induced hypoglycemia were reduced. We conclude that there is a liver-brain counterregulatory axis that is responsive to liver glycogen content. It remains to be determined whether the risk of iatrogenic hypoglycemia in T1D humans could be lessened by targeting metabolic pathway(s) associated with hepatic glycogen repletion.
Hepatic glycogen can regulate hypoglycemic counterregulation via a liver-brain axis 1). Hypoglycemia caused hepatic blood flow to increase substantially in all groups (Table 1) .
In response to hypoglycemia, NHGO was increased 2.3-fold more in the Gly++ than the Gly group ( Figure 3A) , reducing the amount of exogenous glucose required to maintain the plasma glucose at approximately 50 mg/dl ( Figure 3D ). The increase in NHGO in Gly++ relative to Gly was accounted for entirely by a stimulation of net hepatic glycogenolysis ( Figure 3B ), since net hepatic gluconeogenic flux was not different in the 2 groups (Figure 3C) . Interestingly, while plasma glucagon, epinephrine, and norepinephrine levels increased in response to hypoglycemia in the Gly animals ( Figure 4 , B-D), there were markedly greater increases in the arterial levels of glucagon (3-fold) and epinephrine (2-fold) and a tendency (P < 0.10) for a larger increase in norepinephrine in the Gly++ group despite an identical hypoglycemic signal. The rise in plasma cortisol, on the other hand, was similar in both groups ( Figure 4A ) and was unaffected by liver glycogen content.
We next determined whether the increase in NHGO in Gly++ relative to Gly groups was solely a result of the enhanced counterregulatory hormone response. To address this question, we studied an additional group of animals (GlyMatch) in which the livers were not loaded (i.e., portal saline infusion) with glycogen (49 ± 4 mg/g liver; Figure 2D ) but in which both glucagon and epinephrine (Table 2) were infused during the hypoglycemic period so as to match the counterregulatory hormone levels to those in the in all groups, as did hepatic blood flow (28 ± 1 ml/kg/min; individual data not shown). Glucagon remained basal (46 ± 2 pg/ml; individual data not shown) during the glycogen-manipulation period in all groups except the Gly--group (group receiving extra intraportal glucagon). The infusion of fructose intraportally in the Gly++ and Gly++DEN groups (group receiving intraportal fructose and group receiving intraportal fructose after hepatic denervation, respectively) resulted in rates of net hepatic glucose uptake (NHGU) that were much greater than those seen in any of the Gly groups (P < 0.001; Figure 2C ). As expected, liver glycogen content prior to the hypoglycemic period was much greater in the Gly++ and Gly++DEN groups (79 ± 5 and 80 ± 4 mg/g liver, respectively) than in the Gly group (group receiving intraportal saline) (45 ± 5 mg/g; Figure 2D ; P < 0.01) or any other group. In the Gly--group, liver glycogen content was lowered by infusing glucagon intraportally at a slowly increasing rate during the glycogen-manipulation period. This strategy resulted in elevated arterial glucagon concentrations that were 71 ± 7, 86 ± 7, 115 ± 10, and 137 ± 10 pg/ml over the 4 hours, respectively, elevated plasma glucose, and reduced liver glycogen, to 29 ± 1 mg/g liver by the outset of the hypoglycemic experimental period ( Figure 2D ; P < 0.01 compared with Gly).
Hypoglycemic period. In response to the 16-fold increase in plasma insulin levels, the arterial plasma glucose level was allowed to fall to a similar value (~50 mg/dl) in each group ( Table   Figure 1 . Schematic representation of the study. During the glycogen-manipulation period, most (see explanation below) animals underwent a hyperglycemic-pancreatic clamp where both insulin and glucagon were replaced at basal levels with an intraportal (Po) infusion of the hormones and glucose was clamped using a peripheral (Pe) infusion of dextrose. One group received an intraportal infusion of saline (Gly), and a second group received an intraportal infusion of fructose to increase liver glycogen content (Gly++). The glycogenloading period (pd) was followed by a 2-hour control period where the respective infusions of either saline or fructose were discontinued and then a 2-hour hypoglycemic/hyperinsulinemic experimental period during which counterregulatory responses were assessed. The GlyMatch group did not have increased liver glycogen content, but glucagon and epinephrine were infused during the hypoglycemic period to match those seen in the Gly++ group. The role of hepatic afferent nerves in the increased counterregulatory hormone levels seen as a result of increased liver glycogen content was assessed in the Gly++DEN group. To determine the effect of a decrease in liver glycogen on hypoglycemic counterregulation, another group of animals received a variable intraportal glucagon infusion during the glycogen-manipulation period (Gly--). Finally, to determine the role of fructose per se on the responses to insulin-induced hypoglycemia, the sugar was infused into either the carotid and vertebral arteries of the head (GlyHeadFru), or it was infused intraportally under euglycemic conditions (GlyPoFru).
Given that humans with T1D exhibit approximately 25% lower liver glycogen content compared with normal individuals, we set out to determine whether lowering liver glycogen using an intraportal glucagon infusion during the initial 4-hour glycogenmanipulation period (Gly--) would impair hypoglycemic counterregulation. While the reduction in liver glycogen content did not reduce the adrenergic (Figure 4 , B and C) or cortisol ( Figure 4A ) responses to insulin-induced hypoglycemia, it almost completely abolished the response of glucagon ( Figure 4D ). In turn, this reduction in glucagon secretion relative to that which occurred in the Gly group was associated with a reduction in NHGO ( Figure  3A ) as a result of reduced glycogen mobilization ( Figure 3B ).
To determine whether exposure of the brain to fructose could explain the augmentation of the counterregulatory response to hypoglycemia, we studied another group of animals in which fructose was infused into the carotid and vertebral arteries during the glycogen-manipulation period (GlyHeadFru) at a rate designed to match the head fructose level to that seen in the Gly++ group. This would of course minimize the amount of fructose reaching the liver, thereby limiting hepatic glycogen deposition. Indeed, there was no detectable increase in NHGU ( Figure  2C ) during the glycogen-manipulation period, and liver glycogen did not increase (48 ± 5 mg/g; Figure 2D ) in this group. As with the other groups, the glycogen-manipulation period was followed by a 2-hour control period during which fructose was not infused, allowing for the clearance of the sugar from the blood, and then by a 2-hour hyperinsulinemic/hypoglycemic period. As can be seen in Table 2 , prior exposure of the brain to fructose did not result in an augmentation of the subsequent counterregulatory hormone response to hypoglycemia. Predictably, hepatic glucose metabolism in the GlyHeadFru group was similar to that in the Gly group (Table 2) . Thus, elevating the fructose level in the brain for 4 hours at 2 hours prior to the hypoglycemic challenge was without effect on the counterregulatory response and cannot explain the elevations seen in the Gly++ group.
Gly++ group. This hormone-matching strategy increased NHGO to a rate that was 82% (using the AUC data during the final 90 minutes of the hypoglycemic period; Table 2) of that seen in the Gly++ group (Figure 3) . Predictably, this increase in NHGO was accounted for by an increase in hepatic glycogenolysis (Table 2 ). These data suggest that it was the augmented counterregulatory hormone response in the Gly++ group that was responsible for the majority of the increase in NHGO, with the remainder possibly resulting from the increased glycogen mass per se.
We next determined whether the signal for the increased counterregulatory hormone response required hepatic innervation. To accomplish this, we studied a group of animals in which the livers were loaded with glycogen as in the Gly++ group, but in which the neural connections between the brain and liver had been surgically severed several weeks earlier (Gly++DEN). Despite hepatic denervation (verified by average liver norepinephrine levels of 5 ± 3 ng/g liver in denervated dogs versus 658 ± 68 ng/g liver in nondenervated animals; ref. 21) , NHGU during the glycogen-manipulation period was increased by fructose infusion ( Figure 2C ), leading to hepatic glycogen levels that were indistinguishable from those in the Gly++ group (79 ± 5 vs 80 ± 4 mg/g liver; Figure 2D ). In this case, the counterregulatory hormone responses to insulin-induced hypoglycemia were similar to those that occurred in the Gly group rather than the Gly++ group ( Figure 4 ). As expected, in the absence of the augmented counterregulatory hormone response, NHGO ( Figure 3A ) was similar in Gly and Gly++DEN groups, and as a result, the glucose infusion rate required to maintain hypoglycemia was also similar in the 2 groups ( Figure 3D) . Clearly, the decrease in hypoglycemia-driven NHGO caused by hepatic denervation resulted from a reduction in glycogenolysis ( Figure 3B ). These data indicate that a neural signal, generated in the liver in association with the increased liver glycogen content, must reach the brain, where it triggers an enhanced counterregulatory hormone response to hypoglycemia. glycerol uptake can be assumed to be roughly equal to the rate of glycerol production, itself a reflection of adipose tissue lipolysis. Thus, lipolysis increased markedly (5-to 10-fold) in all groups, with no obvious difference between them. Plasma NEFA levels were close to or somewhat above baseline by the end of the hypoglycemic period, and net hepatic NEFA uptake was modestly increased (40%-100%). Based on a presumed steady state, this suggests that the production rate of NEFA was increased by no more than approximately 2-fold in any group, indicating that significant reesterification was occurring.
All groups, with the exception of the GlyPoFru group, exhibited net hepatic lactate output (NHLO) ( Tables 3 and 4) during the control period, undoubtedly as a consequence of the prevailing hyperglycemia. Initially (30 minutes), the increase in insulin caused a marked reduction in NHLO in all groups. Thereafter, net hepatic lactate balance (NHLB) fell further in response to the rise in the blood lactate level, indicating that muscle was supplying lactate to the liver. All Gly groups eventually exhibited net hepatic lactate uptake that, in turn, provided carbon for gluconeogenesis. In the 2 Gly++ groups, the liver continued to produce lactate, albeit at a much reduced (80%) rate throughout the study. The blood lactate levels were twice as high in the Gly++ and GlyMatch groups, as opposed to the other groups, and were in line with the larger increments in epinephrine.
Finally, we performed experiments to determine whether the intraportal infusion of fructose (1.3 mg/kg/min) per se during the glycogen-manipulation period was responsible for the increased hormonal and hepatic responses to the hypoglycemic challenge. In these experiments (GlyPoFru), fructose was infused intraportally at 1.3 mg/kg/min, but glucose levels were not increased (Figure 2A ) so as to deny the liver the substrate required for enhanced glycogen deposition. NHGU ( Figure 2C ) during the glycogenmanipulation period was similar in the Gly and GlyPoFru groups, as was hepatic glycogen ( Figure 2D ). Likewise, counterregulatory responses during the hypoglycemic experimental period were not elevated in the GlyPoFru group. These data indicate that increasing liver fructose levels during the glycogen-loading period, such as was done in the Gly++ group to increase liver glycogen, does not enhance the counterregulatory response to insulin-induced hypoglycemia (Tables 2 and 3) .
Fat and lactate metabolism. The hyperinsulinemia used to bring about hypoglycemia had an initial suppressive effect on both arterial plasma free fatty acid and blood glycerol levels (Tables 3 and 4 ). This suppression, however, was short lived, as hypoglycemic counterregulation caused an increase in both parameters thereafter. By the end of the hypoglycemic period, the blood glycerol levels had increased 3-to 6-fold and were reasonably close to a steady state. Consequently, the rates of hepatic Table 1 . Arterial plasma glucose, hepatic sinusoidal insulin levels, and total hepatic blood flow during the preceding control period (-15 to 0 min) and the hypoglycemic/hyperinsulinemic experimental period (0-120 min)
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Hypoglycemic experimental period The Journal of Clinical Investigation cemic episodes. People with T1D are also known to have low liver glycogen stores (15, 17) , and their ability to mobilize hepatic glycogen during insulin-induced hypoglycemia is also diminished (17) . Yet despite previous studies showing that increased liver glycogen content increases glycogenolysis in response to glucagon (22) and exercise (23) , no studies have examined how variations in the size of the hepatic glycogen mass affect insulin-induced hypoglycemic counterregulation. This is all the more important since rapid mobilization of hepatic glycogen is critical to the initial response to a fall in blood sugar. The present data indicate that increased liver glycogen content (i.e., 79 vs. 45 mg/g liver in Gly++ and Gly, respectively) results in an increase in NHGO in response to insulin-induced hypoglycemia. At the end of the 2-hour control period (i.e., immediately prior to the hypoglycemic period), when the glucose load to the liver was 2-fold that of basal and insulin and glucagon levels were clamped at basal values, there was a modest rate of NHGU in both the Gly and Gly++ groups. Then, in response to a 16-fold rise in insulin, the plasma glucose level was allowed to fall to approximately 50 mg/dl, and the livers of animals from the Gly group transitioned from an NHGU to an NHGO of approximately 1.8 mg/kg/min during the final hour of the 2-hour experimental period. Livers from the animals with excess glycogen (Gly++), on the other hand, responded to the same hypoglycemic challenge with a 2.3-fold (P < 0.01) greater rate of NHGO (4.3 mg/kg/min), an increment that was accounted for entirely by an increase in glycogenolysis. Likewise, when liver glycogen content was reduced by 35% in Gly--, NHGO was lowered to approximately 1.3 mg/kg/ min. As was the case in the Gly++ group, the change in NHGO was explained by a reduction in glycogenolysis.
While it is tempting to ascribe these variations in glycogenolysis directly to altered glycogen availability, we also observed an increase in epinephrine and glucagon levels in the Gly++ group compared with the Gly group and a nearly absent glucagon response in the Gly--group. Because either stimulus (i.e., increased glycogen mass or altered counterregulatory hormones) could affect the rate of glycogen breakdown, it remained unclear from these experiments which was responsible for the altered glycogen metabolism. To answer this question, we studied another group of dogs (i.e., GlyMatch) in which fructose was not infused (so that the liver glycogen level would be similar to that in Gly), but in which glucagon and epinephrine were infused so as to match their levels to those seen in the Gly++ group. In these experiments, NHGO was similar to that in the Gly++ group, indicating that the elevated hormone secretion caused by excess hepatic glycogen accounted for the majority (82%) of the increase in NHGO during hypoglycemia, with the remainder possibly being accounted for by the presence of increased hepatic glycogen per se. As was With the exception of the Gly--group, blood gluconeogenic amino acid levels (Tables 5 and 6 ) were about 2-fold those of normal in the control period in all groups, which was reflective of the continued hyperglycemia following the glycogen-manipulation period. Net hepatic amino acid uptake was increased in all groups despite a fall in their levels in the blood, indicating an increase in the fractional extraction of gluconeogenic amino acids by the liver. In response to the insulin infusion, nonhepatic glucose uptake increased in all of the groups, even though the plasma glucose levels fell (Tables 3 and 4 ). In the Gly++ and Gly++DEN groups, the nonhepatic glucose uptake was 6.5 ± 0.4 vs 7.7 ± 0.7 mg/kg/min, respectively, with the difference probably attributable to increased epinephrine in the Gly++ group. Likewise, in the GlyMatch group, in which epinephrine was augmented, nonhepatic glucose uptake was only 5.8 ± 0.4 mg/kg/min.
Discussion
Iatrogenic hypoglycemia continues to be the most prominent barrier to the effective treatment of T1D. In addition to not being able to acutely lower their circulating insulin levels, individuals with T1D also have markedly attenuated counterregulatory hormone responses to hypoglycemia (6, 10, 12-14, 17) . This, in turn, reduces HGP and increases the depth, duration, and frequency of hypogly- Figure 3 . Hepatic glucose metabolism during the hypoglycemic period. Net hepatic glucose balance (A), net hepatic glycogenolysis (GLY) (B), net hepatic gluconeogenesis (GNG) (C) and the peripheral glucose infusion rate required to maintain glycemia (D) prior to and during the 2-hour experimental period. To the right of each graph are the respective AUC values over the final 90 minutes of the hypoglycemic/hyperinsulinemic period. *P < 0.05, Gly++ compared with Gly; † P < 0.05, Gly--compared with Gly; # P < 0.10, Gly--compared with Gly, using repeated measures ANOVA.
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the case in the Gly++ group, the increment in NHGO seen in the GlyMatch group was due to an increase in glycogenolysis; gluconeogenesis was elevated but remained unaffected by the hormone replacement. The preferential use of glycogen as the primary source of HGP in the 2-hour observation period of the current study is consistent with the importance of glycogenolysis to the initial response to hypoglycemia as reported previously (4). We next considered the possibility that it was the transmission of an afferent signal from the liver to the brain that was responsible for the enhanced counterregulatory response. Remarkably, when a complete hepatic denervation was performed 2 weeks prior to study (Gly++DEN), the presence of excess hepatic glycogen was unable to augment the counterregulatory response. This was the case despite the fact that the hepatic glycogen levels were identical in the Gly++ and Gly++DEN groups (79 and 80 mg/g liver, respectively). These results demonstrate the presence of an axis of communication between the liver and the brain that can augment both glucagon and epinephrine secretion. Of note, altered neural feedback from the hepatoportal region to the brain has been previously shown to alter counterregulatory hormone secretion in the setting of hypoglycemia, albeit under very different experimental conditions. Elegant studies by Donovan and colleagues (24) (25) (26) (27) showed that denervation of the mesenteric region in the rat can alter the counterregulatory responses to insulin-induced hypoglycemia. This effect was only observed, however, when the fall in plasma glucose was slow (i.e., ~0.5 mg/dl/min), whereas disruption of neural input was of no consequence when the fall of the plasma glucose level was rapid (~1.3 mg/dl/min). The fall in plasma glucose in our study was approximately 5.0 mg/dl/min, making it unlikely that this modulatory mechanism was active. Nevertheless, it remains unclear how the rate of fall of plasma glucose affects counterregulatory hormone secretion in the dog. Clearly, however, both our results and those of Donovan et al. show that the counterregulatory hormone response to hypoglycemia can be modified by signals from the splanchnic region.
The proximate cause of the hypoglycemia-induced increase in counterregulatory hormone secretion was most likely a change in AMPK activity in the ventromedial hypothalamus (VMH). Pioneering studies in the rat have established the important role that the VMH plays in hypoglycemic counterregulation (28) (29) (30) . They have also shown that AMPK plays an important role in this "energy sensing" and that, when activated, it increases the secretion of both epinephrine and glucagon (31, 32) . Of interest, there was no effect of AMPK activation in the VMH on corticosterone levels in the above studies (31, 32) . This observation is consistent with the absence of a difference in cortisol secretion between any of the groups we studied. It also supports the hypothesis that corticosteroid release during hypoglycemia is regulated by a different mechanism than epinephrine and glucagon and probably does not involve the VMH (32) .
The nature of the afferent signal that is associated with hepatic glycogen and increases the secretion of epinephrine and glucagon during hypoglycemia remains unclear. In response to our glycogen-manipulation protocol, we were able to increase hepatic glycogen content by 76% (45 and 79 mg glycogen/g liver in Gly and Gly++, respectively). It has been suggested that increased liver glycogen causes hepatocyte swelling, which may be capable of generating a hormonal response to relieve cellular stress (33, 34) . Another potential mechanism involves hepatic AMPK activity. As noted above, previous studies have demonstrated that AMPK activation in the VMH is capable of generating a counterregulatory response to hypoglycemia (31, 32) . We have shown that increased hepatic glycogen content is associated with an increase in hepatic AMPK phosphorylation at the Thr172 site (35, 36) , an event that is most likely triggered by the enzyme becoming more susceptible to phosphorylation as a result of binding to intracellular glycogen (37) . Future studies will be required to determine the event or events that trigger the afferent neural signal and the area or areas of the brain that coordinate altered hormone secretion. To increase liver glycogen content, we infused fructose intraportally on the background of hyperglycemia and euinsulinemia as we have previously described (35, 36, 38) . This was then followed by a 2-hour control period during which fructose was not infused and thereafter by a 2-hour hypoglycemic/hyperinsulinemic clamp. This design took into account the studies in humans by Gabriely et al. (39, 40) , which showed that the infusion of fructose intravenously during insulin-induced hypoglycemia was associated with a modest increase in the responses of both glucagon (~30%) and epinephrine (~22%). This led those authors to suggest that this may have resulted from an acute effect of fructose on brain substrate metabolism. In our study, we wanted to avoid such an effect, so we discontinued the fructose infusion well before (2 hours) the start of the experimental period, thereby allowing the blood fructose level to return to baseline before the induction of hypoglycemia. To further explore the potential role of brain fructose in the counterregulatory response to hypoglycemia, we studied another group of animals in which we infused fructose into the carotid and vertebral arteries during the initial 4-hour glycogenmanipulation period at a rate that would match the plasma levels of fructose seen by the brain during the glycogen-manipulation period in the Gly++ group. In these animals, since fructose was not infused into the hepatic portal vein, the level of fructose reaching the liver was low (<15% of that in Gly++) and thus the increase in NHGU and hepatic glycogen deposition seen in the Gly++ group did not occur. Despite the exposure of the CNS to elevated plasma fructose for 4 hours, there was no detectable enhancement relative to the Gly group of the counterregulatory hormone or hepatic responses to the hypoglycemic challenge. Thus, we can rule out the possibility that prior exposure of the brain to fructose led to the increase in counterregulatory hormone secretion that we saw in the Gly++ group during insulin-induced hypoglycemia.
The next question became whether fructose in the liver, per se, could be triggering the response. First, it should be noted that we this way, the livers of these animals received similar exposure to fructose during the glycogen-manipulation period, but there was no increase in liver glycogen content above that in the Gly group because of the absence of hyperglycemia. These animals did not display any augmentation in their counterregulatory responses to hypoglycemia, thereby further supporting our conclusion that it was the increase in liver glycogen content that caused augmented counterregulation in the Gly++ group, not prior exposure of the liver to fructose. This brings up the issue of whether our finding that liver glycogen can be a determinant of hypoglycemic counterregulation has clinical relevance. Our data raise the possibility that the reduction in liver glycogen seen in T1D patients might contribute to their impaired counterregulatory responses. If this is the case, then it is possible that the incidence of hypoglycemia could be reduced in patients with T1D by restoring the normal circadian rhythm of liver glycogen accretion and utilization. If so, it becomes important to develop new means by which liver glycogen deposition can be increased over the course of the day in such patients. used a small, catalytic infusion of fructose (<10% of total calories infused during the glycogen-manipulation period) as opposed to a large amount that would be more likely to have lingering effects on hepatic glucose metabolism after being withdrawn. In earlier studies (36, 41) , using the same catalytic dose, we showed that the sugar had no effect on the mRNA or protein levels of key metabolic enzymes 4 hours after its infusion had ceased. Furthermore, it had no effect on hepatic AMP or ATP levels at that time. In line with this, Parks et al. (42) showed in humans that, when a meal made of 50% fructose was served for breakfast, it did not affect de novo lipogenesis in the liver 4.5 hours later. Finally, although consumption of large amounts of fructose has been reported to increase corticosterone levels and gluconeogenesis in rodents (43), we did not observe a difference in either cortisol or gluconeogenesis between animals that did or did not receive fructose. Nevertheless, to confirm that prior exposure of the liver to increased levels of fructose (i.e., 1.3 mg/kg/min) per se does not increase the counterregulatory response to insulin-induced hypoglycemia, we infused fructose on a background of euglycemia in the GlyPoFru group. In Table 3 . The arterial levels and net hepatic balance of selected metabolites in the GlyMatch, GlyHeadFru, and GlyPoFru groups during the hyperglycemic/normoinsulinemic control period (-15 to 0 min) and the hypoglycemic/hyperinsulinemic experimental period (0-120 min)
Control period
Hypoglycemic experimental period weight of 21.9 ± 2.7 kg (mean ± SD). All animals were maintained on a diet of meat and chow (34% protein, 14.5% fat, 46% carbohydrate, and 5.5% fiber based on dry weight; ~1700 kcal/d). Two weeks prior to being studied, each dog underwent general anesthesia and a laparotomy to permit placement of catheters for intraportal infusion of hormones and substrates and for blood sampling across the liver (44) . At the same time, ultrasonic flow probes (Transonic Systems) were placed around the hepatic portal vein and the hepatic artery as described elsewhere (44) .
Two days before each experiment, blood was drawn to determine the leukocyte count and hematocrit for each animal. Animals were only studied if they had a leukocyte count of less than 16,000/mm 3 , a hematocrit count of more than 35%, a good appetite (as evidenced by consumption of the entire daily ration), and normal stools.
In summary, our results show that varying levels of liver glycogen can have a marked impact on glycogen mobilization and NHGO seen in response to insulin-induced hypoglycemia. Even more interesting, however, is that this effect is mediated primarily by adjustments in glucagon and epinephrine secretion that require liver innervation. Identification of the cellular mechanism that regulates this liver-brain counterregulatory axis now deserves attention. Future studies will be required to determine whether enhancing liver glycogen deposition lessens the risk of iatrogenic hypoglycemia in patients with T1D.
Methods
Animals and surgical procedures. Studies were carried out on healthy, conscious 18-hour-fasted mongrel dogs of either sex with a mean 
Negative values for net hepatic balance indicate net uptake. longed fast given the changes in glucose metabolism (e.g., lower basal HGP and insulin levels, etc.) that accompany fasting, which would have complicated data interpretation. After the 4-hour glucagon infusion period, the hormone's infusion rate was returned to a basal rate for the control period, after which it was turned off completely as in the other groups. In order to ensure that there was no effect of the prior fructose infusion on hypoglycemic sensing by the brain during the hypoglycemic period, we studied an additional group of animals (GlyHeadFruc; n = 4) in which fructose was infused into both the carotid and vertebral arteries during the glycogen-manipulation period (rather than the hepatic portal vein) at a rate (0.16 mg/kg/min) that would bring about a fructose concentration in the head arteries similar to that seen in the Gly++ group. Because fructose was infused directly into the head instead of the hepatic portal vein, it could be infused at a much lower rate than was used in the Gly++ group (1.3 mg/kg/min), where it was infused directly into the liver. As a result, the brain was exposed to a similar elevated blood fructose level in the Gly++ and GlyHeadFruc groups, but with only a small rise in fructose levels at the liver (i.e., ~15% of that in Gly++), which failed to increase NHGU. In another group (GlyPoFruc; n = 3), fructose was infused intraportally during the glycogen-manipulation period at a rate identical to that in the Gly++ group (1.3 mg/kg/min), but on the background of euglycemia. In this way, the liver was exposed to an identical amount of fructose as in the Gly++ group, but in the absence of the hyperglycemia so that liver glucose uptake and glycogen resembled those in the Gly group, not the Gly++ group. At the conclusion of each study, the animal was euthanized with an overdose of pentobarbital, the abdomen was opened, and the positions of the catheter tips were verified. Liver biopsies were immediately freeze clamped and stored at -80°C for the determination of glycogen content.
Processing and analysis of samples. The processing of blood samples has been described previously (46) . Plasma glucose was analyzed using the glucose oxidase method (Analox Instruments). Insulin, glucagon, cortisol, catecholamines, amino acids, lactate, glycerol, and NEFA concentrations were measured as previously described (47, 48) . Liver samples were pulverized under liquid nitrogen and assayed for liver glycogen as described previously (49) .
Calculations and data analysis. Hepatic blood flow was measured using ultrasonic flow probes (Transonic Systems). Because of our study design (a 4-hour period of hepatic glycogen manipulation), we were unable to use 3-3 H glucose to measure whole body glucose turnover; instead we assessed net hepatic glucose balance (NHGB) as described previously (50) . Net hepatic gluconeogenesis and glycogenolysis were calculated as previously described (35) and liver glycogen content just prior to the hypoglycemic experimental period was calculated as the postexperimental glycogen content (which was measured via biopsy) plus the amount of glycogen mobilized during the experimental period. The sinusoidal insulin and glucagon levels were calculated as described previously (50), and plasma glucose levels were seen in the Gly++ group relative to the Gly group, we studied a group of animals with livers that were completely denervated during the surgery for catheter placement (Gly++DEN; n = 6). On the day of study, the animals from this group underwent the same experiment as did the Gly++ animals.
Given that humans with T1D exhibit approximately 25% lower fasting liver glycogen content compared with non-T1D individuals, it was important to establish whether acutely lowering liver glycogen content would impair hypoglycemic counterregulation (Gly--; n = 9). To lower the liver glycogen content, we used a protocol identical to that used with the Gly group, with the exception that glucagon was infused intraportally at a progressively increasing rate (3×, 5×, 7×, and 8× basal each hour over the 4-hour glycogen-manipulation period) to mobilize liver glycogen and keep the glucose level at approximately 200 mg/dl. This strategy, which lowered liver glycogen and created a hyperglycemic signal indistinguishable from that present in the other groups, was preferable to lowering glycogen using a pro- Negative values for net hepatic balance indicate net uptake.
